Abstract Remarkably little has been written on the biology of essential tremor (ET), despite its high prevalence. The olivary model, first proposed in the 1970s, is the traditional disease model for ET; however, the model is problematic for a number of reasons. Recently, intensive tissue-based studies have identified a series of structural changes in the brains of most ET cases, and nearly all of the observed changes are located in the cerebellar cortex. These studies suggest that Purkinje cells are central to the pathogenesis of ET and may thus provide a focus for the development of novel therapeutic strategies. Arising from these studies, a new model of ET proposes that the population of Purkinje cells represents the site of the initial molecular/cellular events leading to ET. Furthermore, a number of secondary changes/remodeling observed in the molecular and granular layers (i.e., in the Purkinje cell "neighborhood") are likely to be of additional mechanistic importance. On a physiological level, the presence of remodeling indicates the likely formation of aberrant synapses and the creation of new/abnormal cortical circuits in ET. Specific efforts need to be devoted to understanding the cascade of biochemical and cellular events occurring in the Purkinje cell layer in ET and its neuron neighborhood, as well as the physiological effects of secondary remodeling/rewiring that are likely to be occurring in this brain region in ET.
Introduction
Essential tremor (ET) is one of the most common neurological diseases [1] [2] [3] , yet little is understood about its basic biological underpinnings. The traditional pathophysiological model has been the olivary model, which posits that pacemaking neurons in the inferior olivary nucleus, firing in a coupled and rhythmic manner, produce tremor. In this model, the cerebellar cortex, through its receipt of this abnormal olivary output, is involved in a passive manner. However, recent studies cast considerable doubt on the validity of this model and suggest that ET may be a primary disorder of the cerebellar cortex. These studies suggest that a primary problem of the Purkinje neurons in ET leads to a secondary remodeling/ rewiring within the cerebellar cortex, with changes in adjacent neuronal populations (e.g., basket cells), and that the formation of the resultant aberrant cerebellar circuitry is probably central to the pathogenesis of ET. In this manner, both the Purkinje neuron and its local "neuron neighborhood" are of central importance in terms of disease pathophysiology. The purpose of this review is to present the recent data and to broaden the discussion of disease mechanisms and biology in ET, particularly as these relate to the Purkinje cell, its neuronal environment, and the possible presence/role of cerebellar cortical rewiring in this disease.
ET-a Review of the Clinical Entity
ET is among the most commonly encountered movement disorders. The prevalence is approximately 4 % among persons aged 40 and older [4, 5] , and increasingly higher through advancing age, with the prevalence estimated in some studies to reach 20 % or higher in the oldest old [1, [6] [7] [8] . The defining clinical feature of ET is an 8-12-Hz kinetic tremor of the arms (i.e., tremor occurring during volitional movement); postural and/or kinetic tremors of cranial structures (i.e., neck, jaw, and/or voice) also often occur [9, 10] . Aside from kinetic tremor, ET patients may eventually exhibit a range of other forms of arm tremor, particularly as the disease advances; these include postural tremor [11, 12] , rest tremor [13] , and intention tremor [14, 15] , with the latter being one of several telling indications that the disorder involves an abnormal cerebellar output. In numerous studies, a mild gait ataxia is reported in ET [16] [17] [18] [19] [20] [21] [22] [23] [24] ; in some patients, this problem has been reported to be considerable [25] . Aside from these motor features, research in recent years has focused on a variety of cognitive and psychiatric features that seem to be linked with the disorder, some of which could be the direct result of the underlying problem in the cerebellum. Thus, a cerebellar disorder, via a cerebellar-cortical syndrome, could contribute to cognitive impairment (esp. deficits in executive function) observed in patients with ET [26, 27] . The psychiatric features linked with ET include a personality profile [28] [29] [30] and an associated mood disturbance [31] [32] [33] , and it is possible that several of these features could be primary rather than secondary. The expansion of the clinical picture to include a wider range of motor and non-motor features [34] , along with evidence from postmortem studies of pathological heterogeneity [35, 36] , has prompted the question whether "essential tremor" is actually a family of diseases, perhaps better referred to as "the essential tremors," rather than a single clinicalpathological entity [37, 38] .
Localizing the Problem in ET-Clinical and Imaging Evidence of Cerebellar System Involvement
Both clinical and neuroimaging evidence strongly implicate the presence of a pervasive underlying abnormality of cerebellar function in ET. In addition to the more typical kinetic tremor of ET, an intention (i.e., "cerebellar") tremor occurs in the arms in approximately 60 % of ET patients [14] , and in 10 % of ET patients, such intention tremor also involves the head/neck [15] . Postural and kinetic tremor, typical of ET, may also occur in patients with disorders of cerebellar degeneration, including multiple system atrophy [39] , certain spinocerebellar ataxias (SCAs) [40] [41] [42] , and ataxia telangiectasia [43] , and thus, such tremors are likely to have, in part, a cerebellar basis. Abnormalities in tandem gait and balance have been described repeatedly in ET patients, and the presence of a mild ataxia is well-accepted [16] [17] [18] [19] [20] [21] [22] [23] [24] . In some patients, the gait problem is more marked [25] . Furthermore, oculomotor deficits indicative of cerebellar dysfunction [44, 45] are reported in ET, as well as impairments in both temporal variability in voluntary movement and predictions in timing of movement, each under cerebellar control [46] [47] [48] [49] [50] . Unilateral cerebellar stroke has been observed to abruptly terminate ipsilateral arm tremor in patients with ET [51] , and cerebellar outflow (dentato-rubro-thalamic) pathways are the target of deep brain stimulation, which is a highly effective surgical treatment for ET [52] . A growing array of neuroimaging studies now indicates the presence not only of functional and metabolic abnormalities in the ET cerebellum, but of structural abnormalities in both the cerebellar gray and white matter. These studies include functional magnetic resonance imaging studies, positron emission tomography studies, [ 1 H] magnetic resonance spectroscopic imaging studies, diffusion tensor imaging studies, and voxel-based morphometry studies [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . Finally, animal studies provide some corroborative evidence. Tremor is not common in animals, yet a sea otter was reported with a late-life tremor that resembled ET clinically; interestingly, at necropsy, the main pathological finding was in the cerebellum, where there was extensive vacuolation of Purkinje cells [65] .
The Traditional Disease Model in ET: Reviewing the Olivary Model
As noted above, the traditional model of ET, the olivary model, was first proposed in the early 1970s [66, 67] . The olivary model is based on three primary observations. Firstly, the β-carboline alkaloids (e.g., harmaline, harmine, harmane, and others) are a class of chemicals that are highly neurotoxic, and their administration to a broad range of laboratory species produces an action tremor, the hallmark feature of ET [68] [69] [70] [71] . These toxins, by producing an excessive climbing fiberderived glutamate discharge, result in Purkinje cell destruction [72] . Second, a variety of neurons in the central nervous system have pacemaking properties, that is, they are capable of firing in a coordinated and rhythmical fashion. Among the neurons with pacemaking properties are the climbing fibers in the inferior olivary nucleus [73] [74] [75] . Third, early studies on the pathology of ET concluded that there was no ET pathology [36] . These studies, however, were based on small numbers of ET cases, a limited examination of the cerebellum, and an absence of control brains for comparison [36, 66] .
The olivary model is based on sound primary neurophysiological observations, and it is one that has been with us for quite some time, yet as reviewed in detail elsewhere [66] , there are major problems with this as an ET model. First, there is no empirical evidence that the hypothesized process is occurring in the human disease ET. In other words, the model is purely conjectural [66] . Second, pacemakers exist in numerous locations in the central nervous system, including the locus ceruleus [76] , dorsal raphe nucleus [77] , thalamus [78] , and even in the cerebellum (Purkinje cells) itself [79] (Table 1) . Thus, olivary pacemakers are not unique, and there has been no attempt to explain why these rather than the numerous other pacemakers are posited to be patho-mechanistically relevant in ET [66] . Third, the harmaline model is an animal toxin model of tremor and not a model of the human disease, ET, which occurs in nature. Action tremor is a nonspecific neurological sign and is not the equivalent of the human disease ET. Also, harmaline-exposed animals develop an acute, total body tremor of high frequency that resolves after a few hours. Hence, it is a model of acute tremor rather than chronic tremor [66] . Finally, positron emission tomography studies, which began to emerge in the 1990s, did not demonstrate involvement of the inferior olivary nucleus in ET, nor did later postmortem studies reveal structural changes in that nucleus [56, 80] . In summary, the olivary model of ET suffers from a number of critical problems [66] . Its relevance to ET has been called into question.
Recent Postmortem Findings and the Cerebellar Degenerative Model of ET
Leaving aside the problems with the olivary model, recent evidence from detailed neuropathological studies reveal that the inferior olivary nucleus appears normal in ET [80] ; furthermore, these studies report extensive changes localized to the cerebellar cortex [36, 81, 82] . With the emergence of these studies, there is accumulating evidence that the cerebellum is involved in the pathogenesis of ET and, furthermore, that ET may be a primary disorder of the cerebellar cortex [83] . Thus, there has been a shift in the focus of recent studies to more careful appraisal of the cerebellar cortex in this disease.
As noted above, postmortem studies over the past 5-10 years have revealed a number of structural changes in the cerebellum in most ET cases compared to age-matched control brains [66] . These studies have systematically identified changes in the following five cerebellar compartments: (1) Purkinje cell dendrites (i.e., an increase in number of Purkinje cell dendritic swellings) [84] , (2) Purkinje cell bodies (i.e., reductions in Purkinje cell counts in some studies [81] and Purkinje cell linear density in others [85, 86] as well as heterotopic displacement of the Purkinje cell soma) [87] , (3) Purkinje cell axons (i.e., a broad range of changes in axonal shape, including increased numbers of thickened axonal profiles and torpedoes [rounded swellings], and changes in axonal connectivity including increased numbers of axonal recurrent collaterals, axonal branching, and terminal axonal sprouting) [81, 82] , (4) basket cell axonal processes (i.e., hypertrophy of perisomal processes ["hairy baskets"] [88] and elongated Leucine-rich repeat and Ig domain (Lingo)-1-labeled pinceau processes) [89] , and (5) possible gammaaminobutyric acid (GABA) receptor changes in the dentate nucleus [90] . At the Essential Tremor Centralized Brain Repository, we have also performed a systematic postmortem study of the other brain regions that form loop connections with the cerebellum (i.e., the thalamus, inferior olivary nucleus, red nucleus, and motor cortex). Significant pathologic changes are not evident in these brain regions in our studies or in those of others [35, 80, 91] , reinforcing the notion that the cerebellum is the focal point of interest in the pathogenesis of ET. As can be seen, most of the above-listed changes are restricted to a specific region of the cerebellum, that is, the cerebellar cortex, although a study by a group in Canada reported that there are GABA receptor changes in the deep cerebellar nuclei in ET as well [90] . The structural changes described to date likely represent a mixture of regenerative/ compensatory responses to injury as well as degenerative changes [66] , as will be discussed further below.
There is some debate over the presence and extent of Purkinje cell loss in ET [92, 93] , and this debate will not be re-reviewed here, although as can be seen from the data above, Purkinje cell loss is only one of many features of the cerebellar derangement observed in ET. Moreover, the data suggest that Purkinje cell loss is likely to be a downstream, terminal event in the long chain of pathogenesis, and that the underlying molecular abnormality is one that only in some circumstances overwhelms the Purkinje cell economy, resulting in Purkinje cell death. This would also be in keeping with current knowledge of Purkinje cell biology and the hardiness of its response to injury/stress in the context of various lesions, stressors, and disease states [94] [95] [96] [97] [98] .
Although it is still quite controversial, there is growing support for the notion that ET itself is a neurodegenerative disease [37, 60, [99] [100] [101] [102] [103] . Indeed, the notion that ET could be a degenerative condition is not new; this was suggested more than 50 years ago [104] . The degenerative model has a number of potential problems, which have been discussed and addressed in detail elsewhere [66] . A major one, worth reviewing, is that one would expect that the longer the duration of symptoms, the more pronounced the morphological changes in the brain. Although some of the postmortem morphological changes in the ET brain clearly correlate with [72, 75] disease duration [82] , others do not. While on the surface this is concerning, there are a number of plausible explanations. In general, cerebellar response to injury leads to changes that are likely to be partly regenerative/compensatory while others are regressive/degenerative [66, 94] . Thus, as has been observed in Purkinje cells in various settings [97] , some axonal changes likely represent abortive regenerative attempts that are later followed by degeneration. Thus, at any one time, the observed morphological changes in a given brain region likely represent a complex mélange of regenerative, aborted regenerative, and degenerative events [66] . This mixed array of ambidirectional events is likely to make simple linear models of morphological counts by disease duration unrevealing. Furthermore, models of Purkinje cell count by disease duration do not assess loss of Purkinje cells per se [66] . The number of Purkinje cells that individuals have at baseline is known to vary considerably, and simple counts of Purkinje cells do not take this change from baseline into consideration; therefore, models of Purkinje cell count by disease duration may be equally unrevealing [66] . One may ask whether it is conceivable that a disease that is neurodegenerative could have such a long disease course, in some cases, over many decades? There are several other examples of this; indeed, some forms of SCA progress remarkably slowly. Thus, patients with SCA15 have a very slow progression (e.g., patients may have few objective signs even after 10 years and may remain symptomatic for 59 years) [105] , patients with SCA 20 progress remarkably slowly (e.g., only becoming wheelchair dependent after 40 years of symptoms) [106] , and patients with SCA28 are reported to have only mild clinical symptomatology even 25 years after symptom onset [107] .
A Remodeling of the Cerebellar Cortex in ET?
Some of the structural changes that have been observed in the cerebellar cortex in ET suggest a remodeling of neurons and neuronal processes. Below, we will discuss these, beginning with the changes that have been observed in the Purkinje cell axonal compartment and then discussing more widespread changes.
First, torpedoes (Fig. 1) , which are abnormal swellings of the proximal portion of the Purkinje cell axon, have been observed to be approximately sevenfold more common in ET brains compared with brains from age-matched controls [36, 81] , with detailed assessments showing that a single Purkinje cell axon in ET may contain several such torpedoes [108] . Torpedoes contain a massive accumulation of abnormally phosphorylated and disorganized neurofilaments and other disrupted organelles [83, 109, 110] . Neurofilament mis-accumulations and resulting axonal swellings, in general [111, 112] , are thought to inhibit both anterograde and retrograde axonal transport, ultimately leading to cell strangulation [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] . This strangulation, in general, leads to the selective degeneration and, in some instances, death of neurons [116] [117] [118] [119] [120] . Of interest is that the reduction in numbers of Purkinje cells is greatest in ET brains that contain the most torpedoes [81] . It is also likely this axonal strangulation leads to regenerative axonal changes as well, with attempts at axonal remodeling. Thus, as will be discussed below in ET, the extent of recurrent collateral formation is directly proportional to the number of torpedoes [82] . Moreover, in ET cases, thickened axonal profiles, axonal recurrent collaterals, and branched axons were observed to be three-to fivefold more frequent on the axons of Purkinje cells with torpedoes versus axons of Purkinje cells without torpedoes [82] .
Probably related to torpedo formation is the thickening of axonal profiles (Fig. 2) , which has been observed to occur to a greater degree in ET cases than controls [82] . These lesions appear as more linear and elongated in contrast to the ovoid expansions of the Purkinje cell axon that characterize the torpedo [82] . In one study of ET, a thickening was defined as an axon that was at least double the width of other apparently normal axons [82] . Mechanistically, the relation of such thickenings to torpedoes is unclear, but they probably represent either a similar event or perhaps an even earlier, local axonal event prior to the formation of a full, ovoid, out- Fig. 1 Bielschowsky-stained cerebellar cortical section of an ET case showing a torpedo (long arrow) adjacent to a Purkinje cell. A second torpedo is also seen (short arrow). ×40 magnification pouching or torpedo. In ET, Purkinje cells with torpedoes were 5.3 times more likely to also have a thickened axonal profile in comparison to Purkinje cells without torpedoes [82] .
More extensive changes have also been observed in Purkinje cell axons in ET [82] . The observed changes are highly correlated with one another [82] . Before reviewing these changes, it is important to step back and point out that the general/broad response of Purkinje cells to stress/disease involves a range of axonal changes [95] . In this manner, fetal Purkinje cells in organotypic cultures are able to regenerate their axons on mature cerebellar slices, and the regrowing axons invade all cerebellar regions of the apposed mature slices, including white matter [98] . We know that injured Purkinje cells, in contrast to most neurons in the central nervous system, often still survive despite marked injury [95, 121, 122] , exhibiting a vigorous inclination towards sprouting and other changes both along the intracortical segment and the distal stump [94, [96] [97] [98] . These reparative axonal changes may represent the neuron's attempt to access trophic factors by establishing additional connections with Purkinje cells or other granule layer neurons [82] . However, it is possible that the disease-challenged Purkinje cells in ET, in addition to expressing these changes themselves, are also provoking this response in nearby intact neurons/axons in an attempt to compensate. For example, it is known more generally that deafferented Purkinje cells influence intact, nearby axons, probably by releasing diffusible factors, thereby provoking their outgrowth and synaptogenesis [97] . The strong correlation seen among the various Purkinje cell axon morphological changes within a brain in ET (i.e., ET cases with an abundance of one type of change also have an abundance of the other types of changes), as well as their greater tendency to occur in cells with torpedoes, indicates that they are part of a related biological process [82] ; i.e., the presence of this related series of axonal changes supports the notion that the maintenance of Purkinje cell function is challenged in ET [82] . On a physiological level, this axonal remodeling indicates the formation of aberrant synapses and the creation of new/abnormal cortical circuits in ET [97] .
More specifically, these morphological changes include (1) an increased number of arciform axons (i.e., axons that gradually curve back towards the Purkinje cell layer rather than continuing downward to the deep cerebellar nuclei-i.e., axons that are seemingly heading in a cortical direction rather than a cortico-fugal direction) (Fig. 2), (2) the formation of axon recurrent collaterals (i.e., axons or axon branches that make at least a 90°turn back towards the Purkinje cell layer) (Fig. 2) , (3) increased axonal branching (i.e., the presence of axons with at least one branch point and as many as multiple bifurcations) (Fig. 2) , and (4) increased terminal axonal sprouting (i.e., the presence of a frayed terminal axonal region juxtaposed within or near to the Purkinje cell layer) (Fig. 2) . These structural abnormalities indicate a likely increase in aberrant Purkinje-Purkinje interactions and/or aberrant Purkinje cell interactions with other neurons.
Aside from the above-described changes in the axonal compartment, a number of other discrete structural changes have been observed in the cerebellar cortex in ET, and these changes suggest an in situ rewiring and remodeling. Some of these changes are likely the reactive result of Purkinje cell loss in ET [87] , although this sequence of events remains to be definitively established. First, there seems to be an increase in the number of heterotopic Purkinje cells in ET (Fig. 3) . Heterotopic Purkinje cells are Purkinje cells whose cell body is mislocalized in the molecular rather than Purkinje cell layer. In a study of ET cases versus controls, the median number of such mislocalized cells was three times higher in ET cases [87] . Furthermore, the number of these cells was inversely related to the number of Purkinje cells (i.e., ET cases with fewer Purkinje cells had higher heterotopic Purkinje cell counts) [87] . The mechanism underlying Purkinje cell heterotopia is not clear. The cerebellar molecular layer is occupied by Purkinje cell dendrites, climbing fibers, parallel fibers, interneurons, Bergmann glia, and glia [87] . Each of these structures is dynamically regulated. Purkinje cell dendrites regress during neurodegeneration, and with the death of a Purkinje cell, the immense Purkinje cell dendritic arbor disappears completely [87] . Such a situation could result in the remodeling of the molecular layer, leading to defective Purkinje cell body localization (i.e., a dislocation of Purkinje cells) [83] . The fact that the number of heterotopic Purkinje cells in ET correlates inversely with the number of Purkinje cells supports such a sequence of events [87] .
Second, changes have been observed in the basket cell population in ET, and these indicate that structural changes are not restricted to Purkinje cells, but rather, other neurons within the Purkinje cell functional network seem to be involved in disease pathogenesis. Thus, Erickson-Davis et al. recently observed an unusual dense and tangled (what was termed "hairy") appearance of the basket cell axonal plexus surrounding Purkinje cell soma in Bielschowsky preparations of cerebellar cortical sections in ET cases [88] (Fig. 4) . Basket cells are GABA-ergic inhibitory interneurons in the molecular layer. These cells send out axonal collaterals to form a pericellular basket around Purkinje cell perikarya [88] . The observed hypertrophic changes were inversely correlated with the number of Purkinje cells (i.e., greater Purkinje cell loss was associated with more basket cell changes) [88] . In humans, up to 50 axon collaterals from neighboring basket cells descend from the molecular layer and then combine to form a complex basket structure (i.e., constituting the basket cells' entire axonal output) around the Purkinje cell body [88, The Purkinje cell is oriented abnormally and a dendritic swelling is shown closer to the granular layer (i.e., beneath the cell, arrowhead). ×20 magnification 123]. The mechanism by which the hypertrophy of the basket cell axonal plexus occurs is unknown. One possible explanation is that the increased profiles observed in ET represent an accumulation of converging basket cell processes recruited from neighboring Purkinje cells that have been damaged or died [88] . Although there has been little investigation of such a phenomenon in the cerebellum, selective preservation and reorganization of basket cell axonal processes has been demonstrated in basket cells in the CA1 and CA3 regions of the hippocampus [88, 124, 125] . These cells form baskets around hippocampal pyramidal cells and thus function as local circuit inhibitory GABA-ergic interneurons, analogous to the relationship between cerebellar basket cells and Purkinje cells. These disease-resistant hippocampal basket cells undergo extensive reorganization in the setting of pyramidal cell death [86, 126] . Thus, in a similar fashion, the hypertrophied basket cell processes observed in ET might be converging on and reorganizing around remaining Purkinje cells.
That there is a disturbance in the region of the basket cell pinceau in ET is further evident in recent work demonstrating an additional abnormality in the pinceau. A Lingo-1 sequence variant has been associated with ET in several genetic studies [127] [128] [129] [130] . The Lingo-1 protein is a negative regulator of axonal regeneration and neurite outgrowth [127] . Kuo et al. determined that the Lingo-1 protein expression level was significantly increased in the cerebellar cortex in ET cases versus controls and that Lingo-1 was enriched in the basket cell pinceau [89] . These Lingo-1 positive pinceau were abnormally elongated in ET cases compared to controls [89] (Fig. 5) .
The disease-associated decline in the Purkinje cell population is likely to lead to downstream effects as well. For example, a recent study reported a postmortem decrease in GABA(A) and GABA(B) receptors in the cerebellar dentate nucleus in individuals with ET compared to controls [90] . Further work is needed to explore these downstream effects.
From the above studies, it would seem that Purkinje cells are central to the pathogenesis of ET [83] . In this model (Fig. 6) , an as yet undefined underlying molecular abnormality leads to Purkinje cells stress/injury. A broad range of regenerative/responsive and degenerative changes are observed in these neurons. In some instances, these neurons are eventually failing to survive, resulting in a modest depletion of the Purkinje cell population. That is, the degenerative process progresses to the death of the Purkinje cell in some areas. Yet, as has been observed more broadly in cerebellar biology, Purkinje cell loss is likely to only be a later pathomechanistic event [97] . Loss of the Purkinje cell likely results in further remodeling changes in the surrounding (e.g., As noted above, the remodeling of Purkinje cell axons likely leads to a rewiring. On a physiological level, this indicates the likely formation of aberrant synapses, and the creation of new/abnormal cortical circuits in ET [97] . The increased number of recurrent collaterals and terminal sprouts, in particular, likely establishes synaptic contacts and produces abnormal feedback loops [97] . Thus, abnormalities in local intracerebellar circuits are likely important features of the pathogenesis of ET [83] . Additional circuit changes in the Purkinje cell-connected populations (basket cells, neurons in the deep cerebellar nuclei) are likely to be of mechanistic importance as well.
While some of the observed remodeling/rewiring may represent a garden variety/nonspecific cerebellar response to injury, it is likely that the particular cascade of observed events, from beginning to end, is distinct in ET. There is already preliminary evidence that this is the case. Thus, Purkinje cell loss is less marked in ET than in many other disorders of cerebellar degeneration, indicating that the disease pathophysiologies do not proceed along identical pathways [81] . Heterotopia, observed to increase in ET, was not observed to be increased in patients with progressive supranuclear palsy [87] . Finally, the types of Lingo-1 pinceau-related changes observed in ET were not identical from those seen in patients with SCA [89] . Animal studies are also revealing in this regard; in various mutant mice strains whose Purkinje cells degenerate, each mutation is characterized by a set of distinctive morphological abnormalities affecting Purkinje cells, and one observes in these strains a variable onset time and progression rate of neuronal death, indicating that the genetic defects responsible for Purkinje cell degeneration in the various strains act through different mechanisms that operate at different life stages [94] . Cerebellar pathobiology is not unitary.
The pace and timing of these events is also important to consider, particularly as ET is a slowly progressive disorder [131] . The interval between lesion creation and the initiation of axonal sprouting differs greatly between different cell populations in the central nervous system. The process is relatively rapid in the spinal cord, whereas for Purkinje cells, the process is known to be both delayed and protracted [97] . Indeed, Purkinje cells are unusual in the sense that they are the only known neuronal population in which late and protracted terminal sprouting occurs [97] . In Purkinje cells, the process of sprouting requires as long as 3 months for its initiation, and it becomes extremely active only 12-18 months after a lesion [97] . The remodeling process in ET is likely to be a slow one and not likely to manifest en bloc across the entire cerebellum at the same time point.
Conclusions
In conclusion, Purkinje cells are appearing in recent studies to be central to the pathogenesis of ET and, thus, may provide a focus for the development of novel therapeutic strategies [66, 83] . A new model of ET proposes that the population of Purkinje cells represents the site of the initial molecular/ cellular events leading to ET and that specific efforts need to be devoted to understanding the cascade of biochemical and cellular events occurring in the Purkinje cell layer of the cerebellar cortex in ET [66, 83] . It is equally important to realize that the Purkinje cells do not exist in anatomical or physiological isolation and that a number of changes in the Purkinje cell neighborhood are likely to be mechanistically important. The observed remodeling of the Purkinje and other neuronal populations in this brain region could be of vital importance in terms of disease mechanisms. Hence, we must begin to think more broadly in terms of local circuitry changes in the Purkinje cell neighborhood in ET.
